5'-[L3-thioldiphosphate, which prevents G proteins from interacting with their effectors, increase Cl currents and restore cAMP-activated C1-currents in airway epithelial cells isolated from CF patients. In contrast, the G protein activators guanosine 5'-[y-thioltriphosphate and AIF4 reduce Cl-currents and inhibit cAMP from activating Cl currents in normal airway epithelial cells. In CF cells treated with pertussis toxin or guanosine 5'-{(-thioldiphosphate and in normal cells, cAMP activates a Cl-conductance that has properties simOlar to CF transmembrane-conductance regulator Cl-channel. We conclude that heterotrimeric G proteins inhibit cAMP-activated Cl currents in airway epithelial cells and that modulation of the inhibitory G protein signaling pathway may have the therapeutic potential for improving cAMP-activated Cl-secretion in CF.
Cystic fibrosis (CF) is a genetic disease characterized, in part, by defective regulation of Cl-transport in several organs, including lung, pancreas, sweat gland, and intestine (1) . In airway epithelial cells isolated from normal patients, cAMP activates Cl-channels in the apical membrane, whereas cAMP fails to activate Cl-channels in airway epithelial cells isolated from patients with CF (2-4). The cellular defects in CF result from mutations in the CF transmembraneconductance regulator (CFTR) gene (5, 6) . Although the precise function of the CFTR gene product is controversial, recent evidence suggests that CFTR encodes a cAMPactivated Cl-channel (3) (4) (5) (6) (7) (8) (9) . The CFTR Cl-channel has a conductance of [8] [9] [10] pS, a linear current-voltage (I-V) relation, a permeability sequence of PBr-2 Pc1-> PI-, and time-independent currents (9) (10) (11) (12) (13) (14) . Furthermore, the CFTR Cl-channel is inhibited by the Cl-channel blocker diphenylamine-2-carboxylic acid (DPC) and is activated by protein kinase A and protein kinase C (9, 13, 14) . CFTR may have other functions, including a role in regulating intracellular vesicle acidification, protein processing, and membrane trafficking (15, 16) .
GTP-binding proteins (G proteins) regulate a variety of ion channels, including Cl-channels, directly by membranedelimited pathways, and indirectly by cytoplasmic pathways involving second messengers and protein kinases (17) (18) (19) (20) (21) . Regulation by G proteins of cAMP-activated Cl-channels in airway epithelial cells, however, has not, to our knowledge, been reported. Therefore, the objective of this study was to determine whether G proteins regulate cAMP-activated C1-channels in normal and CF airway epithelial cells.
MATERIALS AND METHODS
Cell Culture. We studied several cell lines originally isolated from human airway epithelia (Table 1) . Normal and CF cells were transformed with simian virus 40 large T antigen and grown in culture, as described (22, 26) . Nasal polyp epithelial cells were isolated from CF patients and grown in primary culture, as described (23) with the modification that 5% fetal bovine serum was added to the culture medium for the first 24 hr of culture. Cells were plated on tissue culture flasks or glass coverslips (for patch-clamp studies) that had been coated with an LHC-8 basal medium (Biofluids, Rockville, MD) containing human fibronectin (1 mg/ml; Collaborative Research), Vitrogen 100 (1 ml/100 ml; Collagen Corporation), and bovine serum albumin (100 gg/ml; Biofluids) (23) .
Whole-Cell Patch Clamp. The patch-clamp technique was used to form Gfl seals between patch electrodes and the apical-cell membrane (27) . Average seal resistance was 1.2 ± 0.1 GM. The intrinsic capacitance of the electrode and the membrane patch in the cell-attached configuration was electronically nulled by a Warner Instruments (Hamden, CT) patch-clamp amplifier equipped with a 100-Mfl head stage. Subsequent rupture of the membrane patch by suction was recognized as an abrupt drop in resistance and the appearance of a capacitance transient during application of a test voltage step (20 mV). To generate I-V plots the membrane was clamped to a holding voltage of 0 mV and then stepped in 10-mV increments between ± 100 mV for 137.5 ms by using PCLAMP 5.51 software (Axon Instruments, Burlingame, CA). Three I-V plots were averaged every minute during control and experimental periods to yield a mean I-V plot for each minute. In control periods, I-V plots were recorded for a minimum of 5 consecutive min. During experimental maneuvers, I-V plots were recorded consecutively each minute until a steady state was observed (steady state is defined as a minimum of three consecutive periods in which the slope of the I-V plot (i.e., conductance) did not vary by >10%). Whole-cell conductance was calculated from the slope of the I-V plots, which were linear as determined by linear regres- 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (including the resistance between the electrode and the cell interior) and cell membrane resistance (Rm) by simultaneous solution of Eqs. 1 and 2 (see below) using the following empirically derived quantities: a, 13, and I(oo), where a is the current calculated as the difference between steady state (-5 ms after a voltage pulse) and at the peak of the capacitive spike, j3 is the rate constant of the exponential current decay after the capacitive spike, I(Xo) is the current calculated as the difference between the current at 0 mV and the steady-state current during a voltage pulse, and AVis the magnitude ofthe voltage pulse.
Rm AV a=~x-. [2] Rm+Rs Rs
Membrane capacitance (Cm) was calculated from
To provide the maximum resolution of currents during the capacitive transient, and thereby to assure accurate measures of a, 13, and I(oo), currents were digitized at 20,000 points per s during the first 12.5 ms of each voltage pulse (capacitive transients <5 ms) and at 2000 points per sec during the last 125 ms (these value were limited by PCLAMP protocols). Cm, Rs, and Rm were calculated for every voltage pulse for each cell examined. When R. changed by >10%o during the recording, the experiment was not included in data analysis. At the end of each experiment, the patch electrode was withdrawn from the cell to form the outside-out recording configuration, and electrode-membrane seal resistance was measured and generally found to be >1 GQl. In cases where the seal resistance was <1 Gil we assumed that the seal was unstable during the whole-cell recording and, therefore, did not include the experiment in our data analysis.
Cm was similar in normal and CF cells (normal cells, 25.4 ± 3.1 pF (n = 64); 2CFSMEo-cells, 22 (30) (31) (32) . Because these solutions do not contain K+ or Na+, the observed whole-cell currents are referable primarily to Cl-.
RESULTS
The first series of experiments were conducted to characterize whole-cell Cl-currents in airway epithelial cells and the effects of cAMP on these currents. Fig. 1 illustrates the time-dependent effect of 8-(4-chlorophenylthio)adenosine 3',5'-monophosphate (CPT-cAMP) (100 AM) on whole-cell C1-conductance in airway epithelial cells expressing wildtype CFTR. Compared with the Cl-conductance in control cells, which remained constant with time, CPT-cAMP increased Cl-conductance by =100% (Table 2 and Figs. 1 and  2 ). Cl-conductance began to increase after a delay of 1-2 min and plateaued after =7 min. This effect of CPT-cAMP was fully reversible. Whole-cell currents were referable to C1-because K+ and Na+ were absent from the pipette and bath solutions and because the reversal potential of the I-V plots was near zero ( Fig. 2b ; -0.3 ± 0.6 mV; n = 12), in agreement with the value for Cl-calculated by the Nernst equation. Furthermore, reduction of the bath Cl-concentration from 140 to 14 mM in CPT-cAMP-stimulated cells shifted the reversal potential by +54 + 4 mV (n = 8, P < 0.01), in close agreement with the value predicted by the Nernst equation for Cl-. This observation confirms our conclusion that in our experimental conditions the cells are conductive primarily, if not exclusively, to Cl-. Ion-substitution experiments demonstrated that the halide permeability of CPT-cAMP-treated cells was PBr-2 Pci-> PI-(1.1/1.0/0.55; n = 5). The CPT-cAMP-stimulated Cl-conductance was insensitive to the Cl-channel blocker 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) (100 ,uM). In contrast, the Cl-channel blocker DPC (500 ,uM) (11) reduced the C1-conductance by 53% ( Fig. 2b ; P < 0.05: n = 4). Cl-currents showed no appreciable time-dependence during the voltage pulse, and the I-V plots were linear (Fig. 2) . The properties of these cAMP-activated Cl-currents are similar to cAMP-activated Cl-currents seen in cells infected with wild-type CFTR, to currents thought to mediate cAMP-stimulated Cl-secretion in airway epithelial cells in vivo, and to Cl-currents generated by purified CFTR-reconstituted into proteoliposomes (3, 4, 7-9, 13, 34) . Proc. Natl. Acad Sci. USA 89 (1992) Proc. Natl. Acad. Sci. USA 89 (1992) 10625 ng/ml in pipette) before Cl-conductance was measured. AlFZ was formulated by diluting a stock solution containing 100 mM NaF and 0.3 mM AIC13 by 1000-fold into the pipette solution (33) . In control, whole-cell conductances in normal and CF cells were referable primarily to Cl-because Cl-is the only permeable ion in the pipette and bath solutions. With a seal resistance of -1 GfQ, -1 nS of whole-cell current can be attributed to a nonspecific leak. This value was not subtracted from the data reported here.
To determine whether G proteins regulate C1-currents in normal airway epithelial cells we examined the effects of guanosine 5'-[y-thio]triphosphate (GTP[yS]), a compound that activates monomeric and heterotrimeric G proteins.
GTP[yS]
(100 ,uM) decreased the C1-conductance and prevented CPT-cAMP activation of the C1-conductance (Table  2) . To determine whether GTP[yS] inhibited C1-channels by activating monomeric or heterotrimeric G proteins, we used A1FZ, a compound that specifically activates heterotrimeric G proteins (33) . A1F-(100 jM) also decreased the Clconductance and prevented CPT-cAMP activation of the C1-conductance (Table 2 ). In contrast, PTX (100 ng/ml), a compound that specifically uncouples heterotrimeric G proteins of the Gt, Go, and G, subclasses from receptors (19) and thereby prevents G protein activation of effectors, increased the Cl-conductance (Table 2) . Furthermore, CPT-cAMP reversibly increased the Cl-conductance in PTX-treated cells (Table 2) . Heat-inactivated PTX had no effect on the C1-conductance and did not block cAMP activation of C1-channels ( Gaji2 or Gaji3 inhibit cAMP-activated Cl-channels in human airway epithelial cells. Heterotrimeric G proteins also inhibit calcium, sodium, and potassium channels in other cell types (21, (35) (36) (37) .
The Cl-currents activated by PTX, GDP[I3S], and CPTcAMP had a linear I-V relation and were not time-dependent. In addition, the currents were not inhibited by DIDS; however, DPC reduced the currents by 64% (n = 3; P < 0.05). (34, 43, 44) , 20-pS channels (34, 42, 44) , and 200-to 400-pS channels (39, 41, 42, 45, 46 (47, 48) . The present study suggests that inhibition of G proteins may be useful in circumventing the cellular defect in Clsecretion in CF airway epithelia. The observation that PITX vaccine improved pulmonary function in a patient with CF supports such a speculation (49) . A successful strategy to block the inhibitory action of G proteins in CF airway epithelia could be directed at interfering with any step in the receptor-G protein-effector pathway. Because (1992) Proc. Natl. Acad. Sci. USA 89 (1992) 10627 signaling pathway is a viable approach to correct defective regulation of C1-secretion by cAMP.
In conclusion, the present study demonstrates that heterotrimeric G proteins inhibit CFTR Cl-channels in normal and CF airway epithelial cells and suggests that modulation of the inhibitory G protein signaling pathway may be a useful strategy to correct defective regulation of Cl-secretion by cAMP.
